ABSTRACT
INTRODUCTION
Membrane technology is a method to recover processing solids and treat water for recycling in many food processing industries. The starch processing industry has increasing needs for higher value and maximum yields from every facility, due to more restrictive environmental regulations and increasing landfill and waste treatment costs. Application of membrane technology has several advantages for the starch processing industry. Waste treatment costs could be reduced by using membranes to recover solids from a process stream that would otherwise enter the wastewater treatment facility [1, 2] . Microfiltration and ultrafiltration are the most common membrane processes applied in wastewater treatment from starch processing industry and their applications, especially cross-flow microfiltration (CMF), are increasing rapidly. Microfiltration is pressure-dependent process, which is usually used to remove particles in range 0.1-10 μm from a suspension. The cross-flow microfiltration is influenced by a great number of parameters, e.g. cross-flow velocity, transmembrane pressure, size distribution of the suspended particles, particle form, agglomeration behavior and surface effects of the particles etc. A lot of models have been developed to describe the processes of the CMF, but only a few are sufficient to describe the real processes and explain the different experimental and practical results. Models for the description of the CMF can be distinguished into empirical and physical models. The empirical consideration is useful in practice, but is not helpful for understanding the processes of cross-flow filtration [3] .
Just a few papers deal with the application of membrane filtration for purification of wastewater from starch processing industry or for filtration of starch suspensions. Shukla et al. [4] considered the use of a tubular stainless steel-titania composite membrane with cornstarch suspensions, for possibly augmenting or replacing hydrocyclones, or centrifuges, for concentration and purification of starch. Experiments were conducted either in the total recycle mode or in the feedand-bleed mode and concentrations of suspension were 1% or 4.7% (w/w). From the wastewater treatment aspect, the best solution is precipitation of waste water from starch production process, and after that, the use of membrane separation. Direct microfiltration of waste water is not desirable from economical aspect. After 2-4 hours of precipitation starch concentration of waste water was about 1% (w/v). In that case, experiments should be conducted in retentate recycle mode. Hinkova et al. [5] examined ultrafiltration of amaranth suspension (containing 3% of starch and maximum 3% of proteins) using multi channel inorganic membrane. They achieved VCF of 5 after 120 min of filtration, and permeate flux was very low to comply with the possible industrial application, although the membrane fouling was not so rapid. They also proposed further test with higher pressure (higher than 1.5 bars) or temperatures (40°C). Testing at higher temperatures is not useful because temperatures of waste water are about 22°C. Cancino et al. [6] examined possibilities of microfiltration and reverse osmosis as a suitable treatment for wastewater from corn starch and biochemical oxygen demand (BOD) was the most important parameter for comparing efficiency of each step.
Response surface methodology (RSM) is a statistical method of data analysis that allows a better understanding of a process than the conventional methods of experimentation, because it is able to predict how the inputs affect the outputs in a complex process where different factors can interact among them. All the coefficients of the different polynomial equations were tested for significance with an analysis of variance (ANOVA) [7] .
In the present work, an effort has been made to apply full factorial design (FFD) of experiments coupled with response surface methodology in order to investigate the effects of the process variables (transmembrane pressure, retentate flow rate and concentration) on the permeate flux for the microfiltration of model starch suspensions. Chosen concentrations were in the range of concentration of wastewater, from starch industry, after 2-4 hours of precipitation. Experiments were conducted in retentate recycle mode, while permeate was removed from the system. The main reason for this type of investigation lied in the fact that big amounts of starch are present in wastewaters from starch industry and that is a substantial problem from economic and environmental aspect. As a result, starch from wastewater can be regenerated and used.
MATERIAL AND METHODS
Starch suspensions for all experiments were made using dry wheat starch, A-type particles in range from 2 to 20 μm ("Fidelinka-Skrob", Subotica, Serbia) and distilled water.
The experiments were carried out using a conventional cross-flow microfiltration unit at Corvinus University, Budapest (Fig. 1) . This membrane was chosen to get a total particle rejection and thus to prevent pore blocking and adsorption.
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The membrane was cleaned before each experiment with 2% solution of NaOH and 1.5% solution of NaClO. The effectiveness in membrane cleaning was assessed by examining the water flux recovery. The cleaning procedure was repeated until the 95% of original water flux was restored.
The initial permeate flux was calculated from amount of permeate collected for the first 10 seconds, which was the time interval necessary to adjust a required transmembrane pressure and flow rate, and after that, the permeate flux was calculated from the time needed for collection of 200 ml of permeate. All experiments were carried out at the room temperature (22-25°C).
Constant temperature of feed suspension was achieved using spiral pipes immersed in the feed tank. Through these pipes run cold water whose flow was adjusted by the regulation valve. All measurements in this study were carried out in triplicate and the results were averaged. Volumetric concentration factor (VCF) during concentration of the starch suspension was determined as the ratio of feed volume at the beginning of operation, V 0 , to retentate volume, V R ,
The initial volume of wheat starch suspension was 12 L and it was microfiltrated until the volumetric concentration factor reached the value of 3, i.e. V R =4 L. The initial volume of suspension and VCF depended on the characteristics of the apparatus, i.e. feed tank volume and amount of retentate which can remain at the end of the process.
The operational hydrodynamic conditions were planned according to full factorial design (FFD), and permeate flux versus time was determined according to planned conditions [8] . Three independent variables, namely transmembrane pressure, x 1 , retentate flow rate, x 2 , and suspension concentration, x 3 , were chosen and each independent variable had 3 levels. A total of 10 different combinations (including two replicates of the centre point) were chosen in random order [9] .
The influences of transmembrane pressure (TMP), flow rate and concentration on the variation of permeate flux with time were analyzed by means of a statistical multifactorial analysis of experimental data. Experimental data can be employed to evaluate the regression coefficients of a polynomial equation that correlates a dependent variable with several independent variables.
These regression coefficients can give information not only about the influence of the individual factors, but also about the effects among them. The adequacy of the model was evaluated by coefficient of determination, R 2 , and model p-value.
The significance of regression coefficients was assessed by p-values at the 0.05 significance level. Statistical analysis was performed using Statistica 9 software. Plotting responses as a function of two factors drew response surface plots; the third factor was set to its medium value.
First considered response was the average permeate flux calculated by integration of J(t) from t 1 to t n , which was determined as time needed to reach defined value of VCF [8] .
where J(t) means the regression function of permeate flux determined by regression analysis.
The second response was chosen to anticipate the intensity of fouling phenomena. In this respect the permeate flux decline (FD) variable could be used given by the following relationship [8] :
where J 1 is the initial permeate flux measured at the initial moment t 1 , and J n is the final permeate flux measured at the final moment t n of the experiment.
RESULTS AND DISCUSSION
Measurement of dry matter in the permeate indicated that the solid phase was completely removed. Retention of starch particles on the membrane was from 99 to 99.9%. The regression analysis was employed in order to find the adequate regression models for fitting the experimental data of permeate flux decline. It was found that experimental data (permeate flux (L/m 2 h) versus time (s)) are fitted well by the nonlinear regression equation of type:
The values of the regression coefficients are reported in Table 1 and were computed by means of least square method using the Statistica 9 program. Table 1 .
The results of the statistical analysis according to the experimental plan are presented in Table 2 .
The coefficients in Table 2 are related to actual variables. Table 4 ). The significance of each coefficient was determined through p-values. The smaller the magnitude of the p-value the more significant is the corresponding coefficient.
The closer the value of R 2 to the unity, the better the empirical model fits the actual data. The smaller the value of R 2 the less relevant the dependent variables in the model have to explain of the behavior variation [9] . Table 3 .
As for significance of the polynomial coefficients its p-values suggest that the most important linear factor influencing average permeate flux is transmembrane pressure and the most important interaction is interaction between transmembrane pressure and concentration.
The effects of transmembrane pressure and flow rate on average permeate flux are given in Fig.   2 . The average permeate flux is determined by values of initial and pseudo-steady-state permeate flux. At the beginning of the microfiltration process, the high initial fluxes over the first one and a half minutes allowed greater permeate throughout thus reduced processing time [10] . During the initial phase, the cross-flow velocity has little effect on deposit build-up [11] . This confirms the observations of several authors that the start of the process is governed by a purely frontal filtration rate [12] . This initial phenomenon is due to the large amount of particles deposited at the membrane surface. During this initial period, only a few particles are swept away because the permeate flux is perpendicular to the tangential flow. The pseudo-steady-state permeate flux, is, however, higher at the higher feed flow rate, which is in accordance with the film model [13] , and it takes lesser time to achieve. The increase in flux values with an increase in the cross-flow velocities (CFV) can be explained with a thinner cake formed as a result of the higher forces carrying away particles from the membrane surface under higher CFV [14] . At the same time, the cake porosity increase by increasing cross-flow velocity, for micron particles [15] . As a result, the average permeate flux increases with flow rate, especially at higher TMP. behavior is expected because the driven force for this process increases and, in the initial phase of microfiltration process, the cake layer is relatively thin and compressibility of the cake due to increasing TMP is not so prominent. The pseudo-state permeate flux increases with TMP, although the cake mass growth and its porosity decreases due to a higher filtration driving force [13] . At the maximum value of feed flow rate, the average permeate flux increases for about 200%, with increase of TMP.
The effects of transmembrane pressure and concentration on average permeate flux are given in concentrations. This increase is more evident at the lower suspension concentrations compared to the higher concentrations at which membrane surface is more fouled due to more available particles for membrane fouling. Fig. 3 .
The total particle mass in the cake layer is directly proportional to the permeate volume passing through the membrane, and the cake thickness is proportional to the total particle mass of the cake layer. The porosity tends to decrease with increasing transmembrane pressure. It indicates that a higher transmembrane pressure results in a denser and more compact cake layer [16] .
Obviously, the spaces between particles in cake layer never become completely closed, enabling the permeate to pass through.
The effects of flow rate and suspension concentration on average permeate flux are given in Tables   Table 1. Regression models for permeate flux decline. Figures Fig. 1 . Schematic representation of experimental set-up for cross-flow microfiltration.
1-feed tank with heat exchange, 2-pump, 3-membrane, 4-permeate outlet, 5-rotameter, Tthermometer, P1, P2-manometers, V1, V2, V3, V4-valves. Sl. 7. Uticaj protoka i koncentracije suspenzije na pad fluksa permeata. 
